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A periodically poled structure on type-III ultraviolet ~UV!-grade planar fused silica was realized by
periodic UV erasure of second-order nonlinearity of the thermally poled fused silica plate. Poling
and UV-erasure characteristics are given. The second-order nonlinearity profile of thermally poled
fused silica was found to correlate with a buried Gaussian function. The nonlinear depth, calculated
by curve fitting Maker fringes assuming a step-like nonlinear profile, corresponded to the location
of the 1/e peak in the buried Gaussian function. The etching rate in hydrofluoric acid of the
UV-bleached thermally poled fused silica was found to be the same as that of unpoled fused silica
along the direction of the poling field but was larger along the direction perpendicular to the poling
field. © 2003 American Institute of Physics. @DOI: 10.1063/1.1591076#I. INTRODUCTION
Silica-based glasses are important materials in optical
fiber communications and planar lightwave circuits. Silica
glasses are, however, amorphous materials with macroscopic
inversion symmetry and inherently have no second-order
nonlinearity ~SON! or linear electro-optic coefficient, which
makes them used only in passive devices. In 1986, Osterberg
and Margulis1 reported Ge-doped fiber irradiated by an in-
tense 1064 nm laser displays SON and its second-harmonic
conversion efficiency is as high as 5%. Later, Myers et al.2
found that large stable second-order nonlinear susceptibility
x (2) ~;1 pm/V! could be created in fused silica by thermal
poling. Since then, there has been intensive research on the
poling of glass and fibers.
The mechanism behind the formation of SON in poled
fused silica is not yet fully understood.3–11 One explanation
given is related to alignment of the dipole/bond orientation
which breaks the symmetry of structure3,11 and the other is
that x (2) comes from third-order susceptibility x (3) and
built-in space charge field Edc induced by poling, i.e., x (2)
53x (3)Edc .12 The built-in electric field Edc is usually lo-
cated in an extremely thin ~about 4–20 mm! region near the
anodic surface.2,7–10,13,14 The reason for the existence of Edc
is that positive ions such as Na1, H1 or H3O1 drift toward
the cathode during the poling process, leaving positive/
negative space charge on the anode side.5,7,9 Lesche et al.13
and Margulis et al.14,15 found that when attacked by diluted
hydrofluoric ~HF! acid the etching rate of poled fused silica
is slower than that of unpoled silica, and this is connected
with the effect of an electric field applied to fused silica.
The ultimate goal of this research is to put poled glass
and fibers into active devices, e.g., electro-optic modulators,
switches, frequency converters, parametric oscillators etc.
The intensity of SON in thermally poled fused silica ~TPFS!
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~UV!18–21 or near infrared ~IR!,22 which could be utilized to
implement quasiphase-matched ~QPM! second-harmonic
generation ~SHG!. Bonfrate et al.23 succeeded in developing
periodic UV erasure of the nonlinearity of QPM SHG in
optical fibers.
There are four basic types of fused silica glass,24 con-
ventionally labeled types I, II, III, and IV according to their
method of manufacturing. Types I and II are so-called ‘‘natu-
ral’’ fused silica or ‘‘fused quartz’’ because they are made
from the fusion of natural quartz sand or chunks. Type I is
formed by electrical fusion of quartz crystal and type II is
developed by flame fusion of quartz crystal. Metal impurities
~lithium, sodium, potassium, aluminum, etc.! in types I and
II are around 1–150 ppm, whereas the hydroxyl content is
;1 and ;100 ppm, respectively. Types III and IV are called
synthetic fused silica; they are purer but much more expen-
sive. The basic raw material of types III and IV is usually
silicon tetrachloride (SiCl4). Type III is obtained from flame
hydrolysis of SiCl4 and type IV is made by plasma oxidation
of SiCl4 . Metal impurities of types III and IV are approxi-
mately 1–10 ppm, just about 10% compared to those of
types I and II. The hydroxyl concentration in types III and IV
is ;1000 and less than 0.1 ppm, respectively. Since types II
and III are generated with the aid of a flame, there is a large
amount of hydroxyl in these kinds of fused silica due to
water-vapor in the preparation environment. For optical ab-
sorption of fused silica, the metal impurity levels ~e.g., of
sodium! will cause absorption in the near UV and the hy-
droxyl content will create absorption in the infrared. Depend-
ing on the range of transmission, there are optical grade,
UV-grade, and IR-grade fused silica. The useful range of
optical grade is 0.26–2.3 mm and that of UV grade and IR
grade is 0.17–2 and 0.23–3.5 mm, respectively. Type II is
usually optical grade. A number of authors studied the rela-
tionship among SON, nonlinear depth and thermal poling1 © 2003 American Institute of Physics
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In this article, we present our method and results for
periodic poling of type-III UV-grade planar fused silica, for
which microscopic investigation of the periodic structure is
given. The poling and UV-erasure characteristics of a type-
III UV-grade fused silica plate, on which the periodic poling
was realized, are also given.
II. EXPERIMENTAL PROCEDURES
A. Sample preparation
The sample used in the experiment was a bubble free,
optically polished type-III UV-grade synthetic fused silica
plate ~Almaz Optics KU-1!, of 14 mm314 mm and 1 mm
thickness. Its total impurities are approximately 5 ppm
(Na1<2.6 ppm). Before the experiment, the sample was
wiped by cotton sticks moistened with alcohol, and then ul-
trasonically rinsed with ;17% hydrochloric ~HCl! acid so-
lution and then acetone. The sample was later rinsed with
de-ionized water, dried by nitrogen gas, and put in a 90 °C
oven for 10 min to eliminate residual vapor. Without these
cleaning steps, we found that the UV-visible ~VIS! transmit-
tance of the bare substrates varied.
In the experiment, the sample was thermally poled and
the process is described as follows: The cleaned fused silica
plate was sandwiched between stainless steel electrodes the
surface of which was cemented together with an n-type ~100!
silicon wafer ~;525 mm thickness and 737 mm in size with
sheet resistance of ;1–10 V cm!. The poling parameters
were heating to stable temperature of 275 °C for 90 min in
the oven, during which voltage of 6kV was applied for 60
min, then turning off the oven, blowing with a fan, and cool-
ing down to room temperature in 90 min with the voltage
still applied.
B. SHG measurement
To measure the nonlinear coefficient of TPFS, the Maker
fringe technique was used.28 In the experimental setup, a
1064 nm Nd:YAG laser ~Spectra Physics Quanta Ray INDI!
was the light source. The laser was p polarized, operated in
long-pulse mode, and had a 10 Hz repetition rate with ;200
ms pulse width. Components of 532 nm from a flash lamp
were filtered out by an IR transmitting black glass filter at the
output port of the laser. The fundamental wave was then
focused by a lens of 200 mm focal length incident on the
surface of the TPFS sample. The spot size was about 100 mm
on the sample. The 532 nm second-harmonic wave gener-
ated, which passes through the lens ( f 5100 mm),
p-polarized Glan–Taylor analyzer, IR heat absorbing filter,
and 532 nm band pass filters, was detected by a photomulti-
plier tube ~PMT!. The current signal from the PMT was con-
verted to a voltage signal through a 10.2 kV resistor,
grounded to earth, and recorded by a digital oscilloscope.
In the Maker fringe measurement, the TPFS sample was
rotated from 270° to 170° with its rotation axis parallel to
the surface of the sample. To accurately determine the
second-order nonlinear coefficient, we used a Y-cut quartz
plate of d1150.5 pm/V and 2.5 mm thickness as the refer-
ence. The nonlinear coefficient d33 and nonlinear depth Ln ofDownloaded 28 Aug 2008 to 140.114.72.136. Redistribution subject tthe poled sample were calculated by assuming a step-like
nonlinear profile in curve fitting of the result of the Maker
fringe measurement.
Figure 1 presents a typical Maker fringe pattern of fused
silica poled at 6 kV, 275 °C, and 60 min, where d33 and Ln
are 0.09 pm/V and 19.3 mm, respectively. We found the
variation in SHG signal in our Maker fringe setup was about
20% which led to variation of d33 of about 10% assuming no
variation of Ln . The Fresnel reflectivity of the sample’s back
surface was taken into consideration in the calculation of
nonlinear coefficient and depth.
C. UV erasure of SON
An UV photomask was used for patterned UV erasure.
Sputtered aluminum film on a glass plate was used as the UV
mask. The sputtering condition for Al film was 300 W rf
power under 2.531022 mbar argon pressure. The aluminum
film is ;0.42 mm in thickness. To study the general proper-
ties of UV erasure on the TPFS, the mask was half covered
with Al film so only half the area of the TPFS was UV
exposed. For periodic erasure, the mask was covered with a
periodic strip of Al film. When we UV exposed the TPFS,
the mask was in close contact with the sample surface; both
the TPFS and UV mask were installed on a Teflon clamping
apparatus and then put on a right angle prism to avoid mul-
tiple reflection of UV light from the bottom surface of the
TPFS. LiCl solution was employed as the UV index-
matching fluid between optics. We then exposed pulsed 266
nm UV light from a quadruple Nd:YAG laser on the clamp-
ing apparatus for various durations. The UV light had 1/e
beam size of ;6 mm, 10 Hz repetition rate, 4–6 ns pulse
width, and power of 8 mJ per pulse. After UV exposure,
masked and unmasked TPFS were measured with the Maker
fringe method to determine their second-order nonlinearities.
D. HF etching
The etching experiments were carried out in stirred
48%–51% 50 ml HF acid. To determine the etching rate, the
FIG. 1. Maker fringe pattern of fused silica thermally poled at 6 kV and
275 °C, for 60 min. Open circles represent measured data. Solid and short
dotted lines are fitting curves, assuming a step-like profile and a buried
Gaussian distribution of SON, respectively.o AIP license or copyright; see http://jap.aip.org/jap/copyright.jsp
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beginning; the sample was then dipped further down into the
acid in several steps, 1 min for each step, and successive
etching heights of the sample surface were able to be ob-
tained. A microprofilometer ~TENCOR Alpha-step 200! was
used to measure the etched height so the etching rate could
therefore be obtained.
E. Periodic poling
We used a glass plate deposited with a periodic strip of
Al film ~;0.42 mm in thickness! as the photomask for peri-
odic UV exposure of the TPFS. The period of the mask was
25 mm and had 50% duty. We exposed a 266 nm UV pulse,
under the same conditions as those described in Sec. II C,
through the mask to the anode side of the poled sample for
10 min.
To observe domains of periodically poled fused silica
~PPFS!, we polished the PPFS plate edge along the poled
gratings. The polished PPFS was then etched in HF acid. The
surface and cross section of PPFS were investigated under an
optical microscope and a scanning electron microscope
~SEM! and further profiled by an atomic force microscope
~AFM!.
III. RESULTS AND DISCUSSION
Here in Sec. III, we will follow experimental procedures,
elucidate the results obtained and discuss related mecha-
nisms related to poling, UV erasure of SON, and etching.
A. Characteristics of poling and UV erasure
1. Thermal poling
Here we study the effects of various poling temperatures,
the time, and the voltage on d33 and nonlinear depth Ln .
Effect of poling temperature. Figure 2~a! shows the de-
pendence of d33 and Ln on the poling temperature for ther-
mal poling at 5 kV for 130 min.
In Fig. 2~a!, d33 reached a maximum ~;0.11 pm/V! at
;225 °C and then diminished with an increase in poling tem-
perature. No SHG signal was observed for temperatures
lower than 125 °C. The reason why is as follows. Because
fused silica is poled at low temperature, Na1 ions near the
anodic surface do not have enough energy to overcome the
binding energy of nonbridging oxygen hole centers
~NBOHCs! and the activation energy for diffusion in the
silica network thus cannot migrate toward the cathode. Ac-
cordingly, no built-in electric field could form and induce
SON.8,9 The threshold temperature (T th) for Na1 diffusion is
estimated to be between 125 and 140 °C from Fig. 2~a!.
In Fig. 2~a!, with an increase in poling temperature, Ln
was zero in the beginning and then increased with the poling
temperature after T th . Our result for type-III UV-grade fused
silica disagreed with Oiu et al.’s29 results for unknown-type
Toshiba T-2030 fused silica where Ln depended on the pol-
ing temperature as a function of an Arrhenius plot.
Effect of poling time. Figure 2~b! displays the relation-
ship among d33 , Ln and the poling time for thermal poling at
6 kV, 275 °C.Downloaded 28 Aug 2008 to 140.114.72.136. Redistribution subject tWith the increase in poling time shown in Fig. 2~b!, Ln
increased and then saturated at about 20 mm for poling time
longer than 60 min, whereas nonlinear coefficient d33 in-
creased, reached a maximum of ;0.1 pm/V at poling time of
30 min, and then decreased down to ;0.08 pm/V at a poling
time of 240 min. The relationship between d33 and the poling
time is in agreement with the results reported by Alley
et al.,9 Faccio et al.,25 and Liu et al.26 for type-II fused silica.
Their inference and simulated data were all in accord with
the ion (Na1 and H3O1) migration induced built-in electric
field model ~i.e., x (2)53x (3)Edc).
As for the dependence of Ln and the poling time in Fig.
2~b!, the behavior was similar to that in Faccio et al.’s25
results for type-II Herasil 1 fused silica. The relationship
between Ln and the poling time was closely matched by the
FIG. 2. Nonlinear coefficient d33 ~closed squares! and nonlinear depth Ln
~open circles! as a function of the ~a! poling temperature, ~b! poling time,
and ~c! poling voltage for various poling conditions. The solid line in ~b! is
the fitting curve of the function, Ln(t)5Ln(‘)3@12exp(2at)#.o AIP license or copyright; see http://jap.aip.org/jap/copyright.jsp
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519.1 mm, a50.05 min21, which differed from Alley
et al.’s8 conclusion @i.e., Ln(t) varied logarithmically with
the poling time# obtained from the depth of the side-etched
ridge in the TPFS sample scanned by AFM and from Oiu
et al.’s29 result for unknown-type Toshiba T-2030 fused silica
where Ln increased linearly with the poling voltage.
Effect of poling voltage. Figure 2~c! presents d33 and Ln
as a function of the poling voltage for thermal poling at
275 °C for 130 min. d33 and Ln saturate at ;0.09 pm/V and
;18 mm, respectively, after poling voltage of 4 kV is ap-
plied. The dependence of d33 on the poling voltage is similar
to the relationship between Ln and the poling time. The
variation of Ln with the poling voltage is consistent with Liu
et al.’s26 theoretical simulation.
2. UV erasure
TPFS samples, which were half covered by the UV
mask, were subjected to UV exposure for various durations.
Results for the masked half and the unmasked half of the
samples are now presented.
SHG signal decay according to the UV exposure time.
We have exposed TPFS using UV laser pulses for various
durations from 0 to 15 min. For the sake of simplicity, we
only show Maker fringes for unmasked TPFS with UV ex-
posure from 0 to 3.5 min in Fig. 3. The SHG signals gradu-
ally decreased as the length of UV irradiation increased. For
masked TPFS, the Maker fringes did not change.
Figure 4 shows the dependence of the maximum SHG
signals on the duration of UV irradiation for masked and
unmasked TPFS. The maximum SHG signals are the maxi-
mum value of Maker fringes at 50°–60° ~or 250° to 260°!
angle of incidence. For masked TPFS ~shown by open
circles!, UV irradiation had little effect; for unmasked TPFS
~shown by closed squares!, the SHG signals decayed two
orders of magnitude for 10 min and three orders for 15 min
irradiation time. The decay rate was faster under 6 min of
exposure time and slower beyond that.
UV-erasure mechanisms. Figure 4 shows two different
rates for SHG signals of UV-bleached TPFS separated at
about 6 min, similar to the results reported by Kameyama
FIG. 3. Maker fringe pattern of UV-bleached TPFS for various exposure
times.Downloaded 28 Aug 2008 to 140.114.72.136. Redistribution subject tet al.20,21 The process associated with UV erasure of SON is
mainly due to diminution of the built-in field Edc or
SON x (2)(x (2)}x (3)Edc). When exposed to an UV laser, the
electron, bound to negatively charged nonbridging oxygen
(NBO2, i.e., [Si—O2) in TPFS, will become excited and
move toward the conduction band and then drift into the
built-in field and recombine with H3O1 positive charge,
which forms near the anode surface by reaction of water
molecules in air that diffused into the sample with the silica
network during poling. At the initial stage of the erasure
process, there are plenty of NBO2 and H3O1 charges. More
electrons are likely to escape from NBO2 through the UV
laser and then move towards H3O1 near the anode surface
for recombination. Thus the SHG decay rate is faster. At a
later stage in the erasure process, however, there are fewer
NBO2 and H3O1 charges. The possibility of electron exci-
tation, drift and recombination is lower. The SHG decay rate
is therefore slower.
B. Etching rate
1. Etching rate results
Figure 5 displays the etching rates of unpoled plain
fused silica, TPFS, and 10 min UV-exposed TPFS, etched
along the direction of the poling field.
The etching rate of unpoled plain fused silica was con-
stant ~2.4 mm/min!. The etching rate of TPFS had two stages.
It was slower ~1.9 mm/min! in the beginning before etching
for 9.2 min ~i.e., etched depth of ;17.4 mm! and faster
~;2.4 mm/min! afterwards. The etching rate of TPFS after
etching of 9.2 min is equal to that of unpoled fused silica.
The etching rate of 10 min UV-bleached TPFS was equal to
the etching rate ~2.4 mm/min! of unpoled fused silica.
2. Etching rate mechanisms
The etching rates of unpoled fused silica and TPFS in
Fig. 5 agreed closely with those reported by Margulis and
Laurell14 and by Lesche et al.13 for type-II vitreosil fused
silica. Those researchers showed that the etching rate of
silica glass depended linearly on the field applied that in-
duces built-in space charge field Edc during thermal poling.
Carlson et al.30 also discovered that the ionic depletion re-
gion in glass was more resistant to HF than that in untreated
FIG. 4. SHG signals of masked ~open circles! and unmasked ~closed
squares! TPFS as a function of the UV irradiation time.o AIP license or copyright; see http://jap.aip.org/jap/copyright.jsp
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sponded to a region of SON generated by ion migration-
induced space charge field Edc , and that etched deeper than
17.4 mm represented the region with no SON.
Figure 5 shows that the etching rate ~;2.4 mm/min! of
UV-bleached TPFS was higher than that ~1.9 mm/min! of
TPFS before an etched depth of ;17.4 mm was reached. The
rates were about the same thereafter. According to the pre-
ceding paragraph, the faster etching rate of UV-bleached
TPFS before an etched depth of ;17.4 mm obtained is at-
tributable to the destruction of the built-in field Edc in TPFS.
Accordingly, the etching rates of unpoled plain fused silica
and UV-bleached TPFS were close to each other. Addition-
ally, TPFS after UV irradiation seemed to qualitatively re-
cover chemical quality ~etching rate! and optical properties
~lack of SON! close to those of unpoled plain fused silica.
C. Periodic poling and etched profiles
1. Periodically poled fused silica
Figure 6~a! schematically depicts periodically poled
fused silica manufactured by the periodic UV erasure of
SON on TPFS, where the poling field was in the 2z direc-
tion. The cross section (y – z plane! of the polished PPFS was
etched in 48%–51% HF acid solution for 2 min and then
observed under an optical microscope @Fig. 6~b!#. Figure
6~b! presents perfect ‘‘teeth-like’’ domains with period of 25
mm and 50% duty. The depth of the teeth-like domain is
FIG. 5. Etching rates for unpoled plain fused silica ~open circles!, TPFS
~closed circles!, and UV-bleached TPFS ~closed squares! in 48%–51% HF
acid.Downloaded 28 Aug 2008 to 140.114.72.136. Redistribution subject t;13.64 mm as shown but, 3.8 mm ~2 min31.9 mm/min! was
etched off due to 2 min etching; therefore, the depth of the
teeth-like domain should be ;17.44 mm.
The cross section and surface (x – y plane! of the same
PPFS sample were also examined using SEM, as shown in
Fig. 6~c!. Raised and depressed structures were present on
the surface and in the cross section of PPFS. Where the
surface of PPFS protruded, the corresponding cross section
also protruded; where the surface of PPFS was depressed, the
corresponding cross section was also depressed. The raised
areas correspond to poled regions, while the depressed areas
represent UV-bleached regions. The observed period of 25
mm and 50% duty in Figs. 6~b! and 6~c! matched those of the
mask.
Noteworthy is that the teeth-like domain of 17.44 mm
observed through the optical microscope and the SEM cor-
responds exactly to the etched depth of 17.4 mm at the turn-
ing point of the TPFS curve in Fig. 5, but slightly differs
from 19.3 mm, as was calculated using Maker fringes based
on the assumption of a step-like nonlinear profile.
2. AFM closeup of the periodic structure
The cross section of polished PPFS sample was exam-
ined using an AFM in contact topographic mode to elucidate
further the raised and depressed structures in Fig. 6.
Figure 7~a! presents the AFM image of the side-polished
PPFS immersed in HF for 30 s. The upper-left part of Fig.
7~a! is the anodic side of the poled sample with the poling
field in the 2z direction. The raised region corresponds to
unexposed TPFS, which was masked by an Al film on glass
during UV exposure. The depressed region represents UV-
bleached TPFS, which was not masked. Figures 7~b!–7~d!
show profiles in the three directions of lines 1, 2, and 3
respectively, in Fig. 7~a!.
In Fig. 7~b!, along line 1, the profile corresponds to the
TPFS region. The profile rose gradually and then descended
toward horizontal with an increase in distance in the 2z
direction.
FIG. 6. ~a! Schematic of periodic UV erasure. The cross section (y – z plane!
and surface (x – y plane! of PPFS viewed under ~b! an optical microscope
and ~c! a SEM. PPFS plate edge was polished along the poled gratings
side-polished and immersed in 48%–51% HF acid for 2 min. The poling
field was in the 2z direction.o AIP license or copyright; see http://jap.aip.org/jap/copyright.jsp
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UV-bleached TPFS region. It is the inverse of line 1. The
profile dropped and then ascended toward horizontal as the
distance along the 2z direction increased.
Buried and inverse buried Gaussian functions are used to
fit the profiles of lines 1 and 2. The results of the fit are
plotted by solid lines in Figs. 7~b! and 7~c!. The normalized
mathematical expressions and parameters are given by
FIG. 7. ~a! Image of the cross section of polished PPFS scanned by an AFM.
The polished PPFS was immersed in 48%–51% HF for 30 s. The profiles
along lines 1, 2, and 3 in ~a! are shown in ~b!, ~c!, and ~d! ~open circles!,
respectively. The solid lines in ~b! and ~c! are fitting curves of buried and
inverse buried Gaussian functions, respectively. The poling field was in the
2z direction.Downloaded 28 Aug 2008 to 140.114.72.136. Redistribution subject tf 1~z !5e2~z2L1 /W1!
2
~1!
for line 1, where L155.1 mm and W1513 mm, and
f 2~z !512e2~z2L2 /W2!
2
~2!
for line 2, where L259 mm and W258.9 mm.
Because there was a 30 s etching, about 0.95 mm ~0.5
min31.9 mm/min! was etched off @Fig. 7~b!#, therefore, the
real peak location L and 1/e width (L1W) should be 6.1 and
19.1 mm for line 1 ~TPFS!. The nonlinear depth Ln
519.3 mm, calculated from Maker fringes, Fig. 1, by assum-
ing a step-like nonlinear profile, therefore, corresponds to the
1/e depth of the buried Gaussian profile.
Etched profile of TPFS. Along the profile of line 1, only
one ridge was observed, not two ridges separated by a long
and narrow channel, as had been reported by Alley et al.8
Their channel was probably created because they used
samples from different suppliers, or there was compressive
stress or localized accumulation of defects in the samples.
It was reported in Lesche et al.’s paper13 that etching
rate r of unpoled silica glass was linearly dependent on the
electric field applied (Eapp). That is, r5r01aEapp where r0
is etching rate for Eapp50 and a is a positive value which
reflects the dependence of etching rate r on the field inside
the glass. Etching rate r was faster for more positive Eapp ,
whereas it was slower for more negative Eapp . For TPFS,
since the built-in electric field Edc exists in TPFS, we specu-
late that the etching rate of TPFS will be linearly dependent
on Edc , and, furthermore, linearly dependent on x (2)(x (2)
}Edc). Edc was found to be proportional to the square root of
the poling field (Epoling) and its direction was parallel to that
of Epoling ~i.e., EW dc //EW poling).5 However, as far as the surface
of the glass attacked by acid ~for TPFS, it was the anodic
surface! was concerned, the direction of Epoling defined in our
study was opposite that of Eapp in Lesche et al.’s paper ~i.e.,
EW poling //2EW app). Accordingly, etching rate of the anodic sur-
face of TPFS was slower for more positive x (2)(x (2)}Edc),
whereas it was faster for more negative x (2). If the etching
rate of the anodic surface of TPFS ~i.e., the etching rate
along the 2z direction! were the same as that of the cross
section ~i.e., the etching rate along the 2x direction!, then,
from the fact that the etched profile was buried Gaussian
form @see Eq. ~1!# in the cross section of TPFS, the nonlinear
profile should be assumed to be d333 f 1(z) and the param-
eters of the peak location ~6.1 mm! and 1/e width ~19.1 mm!
could be substituted into the curve-fitting equation for Maker
fringes of TPFS. Figure 1 shows the result of fitting ~short
dotted line! for Maker fringes for a buried Gaussian profile.
Only small deviation of the fitting curve from the measured
data was observed. The extracted value ~;0.11 pm/V! of d33
was close to 0.09 pm/V, which was about the same as that
obtained from a step-like nonlinear profile. The fact that the
nonlinear profile of TPFS was correlated with the buried
Gaussian function and the etching rates in both the 2x and
2z directions of TPFS were actually the same was con-
firmed experimentally. The confirmed nonlinear profile of the
buried Gaussian was also compatible with the model devel-
oped by Pureur et al.27 for type-II Herasil 1 fused silica.o AIP license or copyright; see http://jap.aip.org/jap/copyright.jsp
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Gaussian, a ridge implied a negatively charged region and
flatness or a slightly depressed area suggested a neutral or
positively charged region.8,13 This verified the reliability of
the multicarrier model,5,9 and that hydrogenated ions, such as
H1 or H3O1, were injected into the anode due to the high
field during poling.
The etched profile could also reflect the internal electric
field Edc in the depletion region.13 The real peak at ;6.1 mm
from the edge ~the x – y plane! suggested that the Edc was
maximum ~i.e., Emax) ;6.1 mm below the anodic surface of
TPFS. The depth of ;6.1 mm was of the same order as in
Liu et al.’s31 results, that is, Emax was in the depletion region
;9 mm beneath the anodic surface.
Etched profile of UV-bleached TPFS. The profile along
line 2 of UV-bleached TPFS was fitted by an inverse buried
Gaussian function as shown in Eq. ~2!. It is obvious from
Fig. 7~c! that the etching rate along the x direction @i.e., per-
pendicular to the poling direction, cf. Fig. 7~a!# for the UV-
bleached region is faster than for the unpoled region and it is
therefore faster than the etching rate along the z direction
~i.e., poling direction!.
The migration of Na1 ions caused the NBO2 space
charges which together with H3O1 charges build up Edc at
the anode of the sample during thermal poling. Upon UV
irradiation, the NBO2 charges were neutralized and formed
NBO defects but the Na1 ions that migrated could not re-
cover their original distribution. The distribution of the in-
duced NBO defects was similar to that of NBO2, which was
like a buried Gaussian function. Furthermore, when a UV
laser irradiates fused silica, UV photons break the atomic
bonds in its structure. The structure then releases some stored
energy, accompanied by a drop in average Si–O–Si bond
angle, leading to compaction of the fused silica.32,33 This
compaction is such that stress may exist between the UV-
bleached TPFS and the TPFS. Thus, strain-induced birefrin-
gence develops. Agarwal and Tomozawa34 also found that an
increase in etching rate was related to compressive stress and
hydrostatic pressure in the glass. They suggested that the
increase in etching rate was correlated with the reduction in
average Si–O–Si bond angle, thereby increasing reactivity.
Therefore, the etching rate in the 2x direction ~perpendicu-
lar to the poling field! in the cross section of the UV-
bleached TPFS was faster than that in the 2z direction ~par-
allel to the poling field! on the surface and could be caused
by the buried Gaussian distribution of NBO defects and UV-
induced densification, as described above.
Etched profile across TPFS and UV-bleached TPFS.
Figure 7~d! shows that the difference in height between the
raised and the depressed regions along the profile of line 3 in
the y direction is ;120 nm.
The profile around the border of TPFS covered by Al
was smooth, but not sharp, because during UV irradiation,
the TPFS covered by Al was locally exposed to UV light
because of diffraction19 of the sharp edges of the aluminum
grating.
The peripheral regions of UV-bleached TPFS showed a
notch due to faster etching. The strain32,33 that was induced
by changing the Si–O–Si bonding angle by UV exposureDownloaded 28 Aug 2008 to 140.114.72.136. Redistribution subject tmentioned earlier is likely the cause of the presence of this
notch.
IV. CONCLUSION
This work has demonstrated periodic poling of a type-III
UV-grade fused silica plate by UV irradiation. Thermal pol-
ing and UV-erasure characteristics of type-III UV-grade
fused silica plate were presented. The related mechanisms
and etching characteristics were as follows. ~1! The SHG
signal of TPFS declined as the UV exposure time increased.
The decay included two stages related to electron excitation,
drift and recombination. ~2! Along the direction of the poling
field, the etching rate of the unpoled plain fused silica was
equal to that of the UV-bleached TPFS. The etching rate of
TPFS was the slowest and exhibited two stages: the etching
rate began lower and then became larger. The turning point
corresponded to the nonlinear depth of TPFS. ~3! The non-
linear profile of TPFS correlated with a buried Gaussian
function. The nonlinear depth, determined by assuming a
step-like profile in Maker fringe measurement, was at the 1/e
peak in a buried Gaussian function. ~4! In the cross section of
PPFS, the etched profile of UV-bleached TPFS was an in-
verse buried Gaussian, inversion of that of TPFS. ~5! The
etching rate of the UV-bleached TPFS was the same as that
of the unpoled fused silica along the direction of the poling
field, but was larger along the direction perpendicular to the
poling field.
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